Sn and Sn solder alloys in microelectronics are the most susceptible to suffer from electrochemical migration (ECM) which significantly compromises the reliability of electronics. This topic has attracted more and more attention from researchers since the miniaturization of electronics and the explosive increase in their usage have largely increased the risk of ECM. This article first presents an introductory overview of the ECM basic processes including electrolyte layer formation, dissolution of metal, ion transport and deposition of metal ions. Then, the article provides the major development in the field of ECM of Sn and Sn solder alloys in recent decades, including the recent advances and discoveries, current debates and significant gaps. The reactions at the anode and cathode, the mechanisms of precipitates formation and dendrites growth are summarized. The influencing factors including alloy elements (Pb, Ag, Cu, Zn, etc.), contaminants (chlorides, sulfates, flux residues, etc.) and electric field (bias voltage and spacing) on the ECM of Sn and Sn alloys are highlighted. In addition, the possible strategies such as alloy elements, inhibitor and pulsed or AC voltage for the inhibition of the ECM of Sn and Sn solder alloys have also been reviewed.
Introduction
The growing miniaturization of electronic systems and the explosive increase in their usage have increased the failure risk in electronics. The higher density packaging has resulted in smaller components, closer spacing, thinner metallic parts, and higher gradient of electric elds. Moreover, the electronics sometimes have to operate in humid and even polluted environment. Consequently, the electronics materials are more susceptible to failure. It is reported that even small amounts of weight loss, of the order of nanograms or less, can cause problems and ultimately lead to device failure. 1 Electrochemical migration (ECM) is a common reliability problem which is related to failure encountered in the electronics industry. It is dened as a process by which a metal, in contact with insulating materials and under an electrical potential, is removed ionically from its initial location and is redeposited at other location. This migration oen results in lowered resistance and dielectric failure. 2 
ECM is
fundamentally an ionic process and requires electrolyte, bias voltage and time. Therefore, ECM is totally different from solidstate electro-migration which is the mass transport of metal under dry conditions due to the momentum transfer between conducting electrons and diffusing metal atoms. 3 This process is also different from the whisker growth which is induced by compressive mechanical stress in electronics.
4,5
The phenomenon of ECM was rst observed in the late 1940s and early 1950s. Silver migration rst caused large scale problems in Post Office equipment where contact springs were silver-plated in an attempt to reduce contact resistance. 2 With the growing miniaturization of electronics and the explosive increase in their usage, ECM has attracted much attention because more and more reliability problems related to ECM encountered in electronics. Extensive work has been conducted on the ECM of various electronic materials such as Cu, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Ag, [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] Sn and Sn solder alloys, as well as other metals.
41,77-80
Steppan et al. 2 contributed a critical review of corrosion failure mechanisms of electronic materials. The ECM of Ag, Cu and Au was reviewed in detail. However, the ECM of Sn and Sn solder alloys was not covered in their review paper. In electronics, the metallic surfaces that are directly exposed to the environment are mainly the component electrodes, solder joints, and contact/connector areas. Nowadays, hot air solder leveling (HASL) surface nishes are widely employed with Sn based solder in industrial applications. 42, 81 Therefore, it can be considered that large part of the exposed areas is made of Sn or Sn solder alloys. 42 In this case, the ECM of Sn and Sn solder alloys is extremely important in connection with reliability of electronic devices. As mentioned above, the behaviors and mechanisms of Sn and Sn solder alloys have been extensively investigated in the recent decades. For more in depth knowledge in the future work, a critical review of the ECM of Sn and Sn solder alloys is therefore needed.
This work mainly focuses on the fundamentals of ECM, and the state-of-the-art in ECM studies of Sn and Sn solder alloys. Namely, the rst objective of this paper is to introduce the fundamentals of ECM including the basic processes, characteristics and signicance. The second objective is to review the recent advances and discoveries, current debates and signi-cant gaps in the eld of ECM of Sn and Sn solder alloys.
The fundamentals of electrochemical migration
ECM occurs when two oppositely biased and closely spaced electrodes (circuits, joints or legs of components) are connected by a continuous electrolyte layer which may be a visible electrolyte layer or an invisible adsorbed layer. Some parts of metal become ionized and begin to migrate under the applied electric eld. Then, a conducting lament forms between the anode and cathode, which can lead to short circuit failure of the electronics. There are two mechanisms mainly responsible for the ECM phenomena: the formation of conducting anodic la-ments and dendrite growth.
82
The conducting anodic laments which usually consist of metal salts emanate from the anode to the cathode. 83 Lee et al.
used a four-layered printed circuit board with an electroplated through-a-hole to determine the ECM characteristics of eutectic Sn-Pb solder at the 85 C/85% RH condition. As is shown in Fig. 1 , it is seen that conducting anodic laments are formed near the anode. For Sn and Sn solder alloys, most studies focus on the second ECM phenomenon: dendrite growth. Metal ions are produced at the anode and then migrate towards the cathode, where they can be reduced to metallic dendrite which then grows towards the anode. For example, the scanning electron microscopy images of Sn dendrites are shown in Fig. 2 . As soon as the dendrite reaches the anode, the short circuit occurs and causes the failure of electronics.
Since the number of studies on dendrite growth phenomenon of Sn and Sn solder alloys are far more than conductive anodic laments, the following introduction of the fundamentals is based the ECM phenomenon of dendrite growth. The ECM can be considered as a consecutive four-step process: (i) electrolyte layer formation, (ii) dissolution of metal, (iii) ion transport and (iv) deposition of metal ions. This four-step process is schematically shown in Fig. 3 where Fig. 3a -e indicate the sample without an electrolyte layer, the sample with an electrolyte layer, dissolution of metal, ion transport and deposition of metal ions (dendrites growth), respectively. Once the dendrite bridges the two solder joints, the shirt circuit will occur and subsequently lead to device failure.
Electrolyte layer formation
The electrolyte layer formation which is also called as path formation 11, 84 refers to the formation of a continuous moisture lm or a condensed water layer/drop which can bridge the gaps of oppositely biased electrodes. The presence of this electrolyte layer is the precondition for the ECM to occur. Electrolyte layer formation depends upon the relative humidity, contaminant, temperature, and surface conditions of materials in electronics.
To cause ECM, humidity is necessary, where a moisture layer of a few monolayers is fully sufficient. Lee et al. 85 reported that a certain number of layers sufficient to start corrosion processes will be formed on metal surface at a critical humidity of about 60% to 70% at room temperature, depending on the substrate polarity and its surface energy. Moreover, hygroscopic contaminants such as chlorides apparently lower the critical humidity of adsorption. E.g., the materials which are exposed to contaminated atmospheres of relative humidity as low as 40% are still covered by electrolyte layers of a thickness of several monolayers. 86, 87 As the temperature changes, the relative humidity of the air also changes. If the temperature drops to below the dew point compared to the surrounding air, the relative humidity will at some point exceed 100% and a layer of water can be formed on the surface. 88 When the temperature rises again, the water evaporates and the water layer becomes thinner and thinner or even totally disappears. In addition, some factors related to surface conditions including chemical constituents of uxes applied for soldering, the composition of the board materials such as laminate and board nish, and surface roughness will also affect the formation of electrolyte layer.
7 Therefore, as the precondition for the ECM to occur, the electrolyte layer formation is affected by multiple factors, making it relatively complicated.
From the corrosion electrochemistry point of view, a change in the thickness of the electrolyte layer affects a number of processes, e.g., the mass transport of dissolved oxygen, the accumulation of products, and the hydration of dissolved metal ions. [89] [90] [91] [92] [93] Likewise, a change in thickness of the electrolyte layer will also apparently affect the ECM process. Warren et al. 94 compared the ECM behaviors of Cr-Cu-Cr metallization under three types of experimental conditions including bulk solution, thin electrolyte layer and adsorbed moisture layer. It was found that dendrite morphology and dendrite growth rates were nearly identical for immersion tests in both bulk solution and thin electrolyte layer, but were quite different in adsorbed moisture layer. Zhong et al. 50 investigated the ECM behavior of Sn under the electrolyte layer with different thicknesses from 30 mm to 1000 mm and found that dendrite growth rate rst decreased and then increased with decreasing thickness of electrolyte layer. Apparently, the thickness of electrolyte layer is of signicance in understanding the ECM mechanism.
However, until now there are two main limitations in quantitative analysis the effect of electrolyte layer thickness on ECM. On the one hand, most of the studies on ECM mechanisms were performed using water drop test or thin electrolyte layer test where the exact thickness of electrolyte layer could be known, 95 however, such tests could not adequately represent failure processes which actually occur in ultra-thin layers of moisture collected from ambient air. On the other hand, the exact thickness of the moisture layer has never been unknown if the ECM test is performed using simulated environment tests such as the thermal humidity bias test where just the relative humidity and temperature are controlled. 28 Actually, there are several techniques such as ellipsometry, 96 sum-frequencygeneration vibrational spectroscopy and scanning polarization force microscopy, 97 attenuated total reection infrared spectroscopy 98 and ambient-pressure X-ray photoelectron spectroscopy 99,100 that can be used to in situ measure the thickness of ultra-thin electrolyte layer, even a few monolayers of water. Therefore, it can be expected that the exact thickness of electrolyte layer in the simulated environment tests of ECM can be known in the future.
Dissolution of metal
The bias voltage applied across the closely spaced electrodes is usually in the voltage-range from a few volts up to several hundred volts in operating conditions of electronics.
18,19
Therefore, the dissolution of metal will occur in the presence of a continuous electrolyte layer which bridges the anode and cathode, as described by reaction (1):
where M represents the metal and n is the number of electrons involved in this reaction. As the dissolution of metal occurs, the other half reactions on cathode are also proceeding simultaneously. E.g., the reduction of oxygen, as described in reaction (2):
Accordingly, other ions such as OH À are also formed in electrolyte layer during the dissolution of metal. The dissolution of metal is of utmost signicance for ECM because it supplies the metal ions and other ions for the subsequent steps. To some extent, the dissolution rate can determine the whole ECM process. Takemoto et al. 76 investigated ECM of Sn and Sn solder alloys in distilled water and found that large anodic dissolution rate seemed to be responsible for high ECM susceptibility. Minzari et al. 42 65 reported the dissolution of Sn at the anode was probably the ratedetermining step of ECM of Sn-3.0Ag-0.5Cu solder in NaCl solution and Na 2 SO 4 solution. Barton and Bockris 101 used silver wire as an anode to investigate the dendrites growth of silver in liquid sodium nitrate and potassium nitrate. They found that for a given electrode and concentration, a critical current density existed below which no dendrites formed. This critical current density was proportional to the concentration of Ag + which was related to the anodic dissolution of Ag. All of these studies demonstrate that dissolution of metal plays a key role in ECM and this step should signicantly be taken into consideration in analysis of ECM mechanism.
Ion transport
The metal ions and other species are transported by electrical migration, diffusion and/or convection, as schematically illustrated in Fig. 4 in which the ion transport during the ECM of Sn solder alloy is taken as an example. The bias voltage applied across the two electrodes generates an electric eld between cathode and anode. When an electric eld is applied to ions in an electrolyte, the ions will move with the electric eld. This phenomenon can be called as electrical migration. These ions migrate through the electrolyte with a characteristic velocity. The migration velocity of an ion is determined by ion mobility and the magnitude of the electric eld, as is described in eqn (3),
where v represents the velocity in m s À1 , m is the ion mobility in
, and E is the magnitude of the applied electric eld in V m À1 . For ECM, E is a function of bias voltage applied across the electrodes and the distance between the electrodes, while, ion mobility is dependent on the characteristics of the ion itself (charge, shape and size) and the properties of the electrolyte (pH, temperature, viscosity, etc.). 102 During the ECM, the cations such as metal ions move towards the cathode, and the OH À as well as other anions move towards the anode. As the ECM proceeds, metal ions and other species are produced, resulting in the presence of concentration gradients over the distance between the cathode and anode, and consequently causing diffusion. For example, the concentrations of metal ions at the anode are much higher than that at the cathode, while the concentration of OH À at the cathode is much higher than that at the anode, as schematically illustrated in Fig. 4 in which the blue color represents the concentration distribution of OH À and the orange color represents the concentration distribution of metals in the electrolyte layer. The concentration gradients will drive the ions to move from a region of high concentration to a region of low concentration. Convection is another way to transport the ions during the ECM process. For the corrosion under thin electrolyte layers, the convection is usually neglected, since the electrolyte is assumed stagnant and thin enough to neglect the effect of natural convection. 103 However, the convection could apparently affect the ion transport during the ECM process in condensed conditions. E.g., a strong convection could be caused by the collapse of hydrogen bubbles derived from the H + reduction at the cathode. 23, 42, 53, 104 This inuence becomes more obvious if a higher bias voltage is applied between the cathode and anode. Additionally, the electro-convection may also affect the dendrites formation (deposition of metal ions) during the ECM. Fleury et al. 105, 106 found the space charge could create an electroconvection in the vicinity of dendrites, affecting the concentration distribution of ions, and subsequently, the deposition kinetics was changed. 
Deposition of metal ions
Once the metal ions reach the cathode, the deposition will occur, as described in reaction (4) .
The shape and morphology of the electrodeposit and surface roughness strongly depend on the path of current ow and the concentrations of species involved in the electrolytic processes.
107, 108 The deposition of metal ions in ECM occurs under a thin electrolyte layer or a moisture electrolyte lm where an uneven current distribution on the surface of electrode usually exists under such a layer or lm due to the high solution resistance and the difficulties in species transport.
42,109
Consequently, preferential nucleation and growth may occur at some locations of cathode, and thereby dendrites grow, as shown in Fig. 2 and 3e .
The dendrite formation consists of two consecutive stages: initiation and propagation. A critical overpotential is a necessity for the dendrite initiation. Shyu 110 studied the electrodeposition of copper in CuSO 4 /H 2 SO 4 solution and he reported 500 mV as the critical overpotential for copper dendrite formation. Similarly, Popov et al. 111 reported a critical overpotential of 550 mV for copper dendrite formation in CuSO 4 /H 2 SO 4 solution where a platinum electrode was as a cathode. For the initiation of dendrite during the ECM process in electronics, such an overpotential is usually alternatively represented by a critical bias voltage which is applied across the anode and cathode.
Meanwhile, a dendritic precursor is also needed at the beginning of the initiation stage, which will determine where the preferential nucleation to start. However, it is still not clear what a precursor is. Steppan et al.
2 summarized three possibilities: a surface imperfection, a screw dislocation pyramid of the metal crystal, and a surface roughness element formed by the codeposition of foreign species. The appearance of the precursor disturbs the ow of current towards the electrode, causing the deposition rate at the peak of the precursor to be higher than that of the at electrode surface. Consequently, a protrusion is gradually developed, where a complete characteristic of a dendrite at the end of the initiation stage can be found.
Usually, large part of the time is spent on initiation stage, rather than the propagation stage. E.g., Xia et al. 73 in situ observed on the ECM of Sn-8Zn-3Bi solder joint under a water drop and found that initiation time is much longer than propagation time. Zhong et al. 53 studied the ECM of Sn under 100 mm-thick electrolyte layer containing 1 mM Cl À with a bias voltage of 3 V. They found that the initiation stage took about 100 seconds while the total ECM time (from the beginning of ECM test to the time when a short circuit occurs) was 119 seconds. Minzari et al. 45 reported a similar phenomenon during the ECM of Sn-37Pb solder alloy in 10 ppm NaCl solution at a bias voltage of 3 V.
During the propagation stage, a dendrite with a needle or tree-like shape has a faster growth rate at its tip than that of the rest of the electrode surface. Several reasons can be used together or separately to explain this special phenomenon. On the one hand, the electric eld strength at the tip is greater than at the at surface. This is because as the dendrite grows, the distance between the tip of dendrite and the anode is reduced, which will cause a stronger electric eld at the dendrite tip, thereby making subsequent deposition of metal ions at the dendrite tip. 42 On the other hand, the transport path of metal ions in the electrolyte to the tip is shorter than to the electrode surface, 73 resulting in the preferential deposit at the tip of dendrite. Another possible reason is that the changes in diffusion mode when the whole ECM is predominated by the diffusion. As the tip of dendrites becomes sharp, spherical diffusion of metal ions begins to replace linear diffusion, making deposit of metal ions at the tip faster than that on the electrode surface.
2
As soon as the dendrite reaches the anode, the short circuit occurs and causes the failure of electronics. The time from the beginning of ECM test to the time when a short circuit occurs is called time-to-failure 61, 62, [65] [66] [67] [68] or time-to-short, [49] [50] [51] [52] [71] [72] [73] which is an extremely important parameter used to quantitatively assess the ECM susceptibility of materials. Some investigators also called the time-to-failure as the failure time. 60 However, time-tofailure is used in this work.
In addition, it is necessary to mention that not only the metal ions could be deposited at the cathode, but the metal complex ions such as [Sn(OH) 6 ] 2À could also be reduced to metal deposit at the cathode. 
Study methods for the electrochemical migration
There are four study methods for the electrochemical migration, i.e., highly accelerated stress test (HAST), thermal humidity bias (THB) test, water drop (WD) test and thin electrolyte layer (TEL) test. In HAST, high temperatures (100-175 C) at controlled humidity levels (50-85% RH) and bias voltage are employed as stress factors. 113 The THB test is very similar to HAST, but its employed temperature is usually lower than that in HAST. 47, 59, 70, 72 Both HAST and THB test cannot only simulate the operating conditions of electronics but can also be performed in accelerating conditions in laboratory as well as industry assessment. However, it shows a poor availability in quantitative analysis because the parameters including the locations of the electrolyte layer formation and the thickness of electrolyte layer are uncertain. The WD and TEL tests are performed respectively by placing a drop of electrolyte and a thin electrolyte layer between adjacent oppositely biased joints or circuits.
23,42-53,60-69 Both WD and TEL tests cannot simulate the electrolyte layer formation process, however, both methods show better in situ inspection availability than HAST and THB test. The detailed description about the advantages and disadvantages of study methods of ECM can be found elsewhere. 95 
Migration process of Sn and Sn solder alloys
Sn is susceptible to ECM, 114 and worse of all that, Sn and Sn solder alloys make up a large part of the metallic materials that are directly exposed on the surface of an electronic printed circuit board assembly. 43, 115 Due to these reasons the ECM of Sn and Sn solder alloys is highly signicant in connection with the reliability of electronics. Therefore, it has attracted researchers' more and more attention.
42-76 Table 1 is a summary of ECM studies of Sn and Sn solder alloys by various investigators (note that it is impossible to list all the literature in this table.). This table enables one to compare electrode materials, the substrate materials, and the signicant experimental parameters including the spacing between electrodes, applied bias voltage, and contaminants or test environments, and the test methods used in the past investigations. The migration process, the effects of alloy elements, contaminants and electric eld on ECM of Sn and Sn solder alloys, as well as the inhibition of ECM of Sn and Sn solder alloys are covered in the following sections.
Reactions at the anode
For Sn and Sn solder alloys, the dissolution at the anode includes the dissolution of Sn and the dissolution of the alloy elements such as Pb, Ag, Cu, etc. The reactions related to the dissolution of Sn are given by reactions (5) and (6). 42, 49, 51, 70, 71 Sn / Sn 2+ + 2e . Additionally, the direct oxidation of Sn to Sn(OH) 4 could also occur at the anode surface, which is preferred as the pH increases towards the neutral side, 42 as described in reaction (7).
Although some investigators proposed that Sn could directly reacted with OH À at the anode during the ECM to form Sn(OH) 2 and/or SnO, 66,75 it seems to be impossible because the solution at the anode side is acidic based on the results of in situ pH inspection as the ECM proceeds. 42, 43, 48, 49, 52, 53 The evolution of oxygen by water dissociation could occur at the anode surface as described by reaction (8) if the bias voltage is high enough.
62,115
The oxidation of some anions such as Cl À from contaminants is also possible, especially for conditions where a high bias voltage is used, as shown in reaction (9).
49,53,77
Besides the electrochemical reactions mentioned above, it is also possible that an additional chemical reaction, the hydrolysis of Sn 4+ occurs and forms precipitate Sn(OH) 4 at the anode surface:
42,49,53
Based on reactions (7), (8) and (10), the local pH on the anode surface will denitely decrease. Some investigations were performed to in situ inspect the localized pH distribution during the ECM. The pH at the regions close to anode changed to acidic during the ECM.
42,43,48,49,52,53 E.g., the real time visualization of localized pH distribution at the anode and cathode surface using pH indicator during the ECM test of Sn is shown in Fig. 5 . 53 It is seen that pH at the anode decreases over time as compared with the initial stage. Moreover, the acidic areas spread out with time ( Fig. 5b-d) .
Reactions at the cathode
The reduction of O 2 as described in reaction (11) and the reduction of H 2 O as described in reaction (12) 
The reduction of O 2 consists of reduction of dissolved O 2 in the electrolyte and the O 2 diffused from the electrolyte/air interface. Investigation was performed to measure the cathodic polarization curves of Sn under thin electrolyte layer and found that water reduction dominated the corrosion process if the cathodic polarization potential is more negative than the potential for the water reduction. 90 In electronics, the bias voltage applied across two electrodes may easily be as high as a few volts. This means the cathodic polarization potential applied at the cathode may oen more negative than the potential of water reduction. Moreover, the concentration of oxygen including the dissolved oxygen and diffused oxygen is actually relatively low in the electrolyte layer. Therefore, the water reduction could be the main reaction under such conditions.
The most important cathodic reaction which is directly related to the ECM susceptibility should be the reduction of metal ions. Since Sn is usually the dominant element in the solder alloys, the reductions of Sn 2+ and Sn 4+ are denitely present at the cathode, as described by reactions (13) and (14) .
The reduction of alloy element metal ions may also be involved during the deposition.
In addition, in strong alkaline conditions the reduction of stannic complex may be involved in the cathodic reaction. This will be further discussed in detail in dendrites growth section. Sn-4Ag-0.5Cu, Sn-3Ag-0.5Cu, Sn-37Pb, Sn-36Pb-2Ag, Sn-3Ag-0.5Cu, Sn-8Zn-3Bi, Sn-3.5Ag-0.75Cu, Sn-3.5Ag Sn-4Ag-0.5Cu, Sn-3Ag-0.5Cu, Sn-37Pb, Sn-36Pb-2Ag, Sn-3Ag-0.5Cu, Sn-8Zn-3Bi, Sn-3.5Ag-0.75Cu, Sn-3.5Ag 
Precipitates formation
These precipitates can be easily formed due to very low solubility product constants, as is summarized in Table 2 .
116-118
On the other hand, the direct oxidation of tin to Sn(OH) 4 and the hydrolysis of Sn 4+ as respectively described in reactions (7) and (10) will also contribute to a part of the total amount of precipitates. The formed Sn(OH) 4 and Sn(OH) 2 can also be respectively dehydrated to SnO 2 and SnO which are thermodynamically stable, as described by reactions (18) depending upon the composition of solder alloys and the type of contaminants in the electrolyte layer.
The formation of precipitates remarkably affects the ion transport. Firstly, the formation of precipitates will consume metal ions before they reach the cathode. Thereby the concentration distribution of metals ions will be changed. Secondly, the formation of precipitates between cathode and anode will also hinder the movement of ions, thus it may even block the metal ions from reaching the cathode. 42, 52, 53 It is reported that the height of the formed precipitates could be measured by a 3D optical microscope.
49,53 E.g., Fig. 6 shows the 3D micrograph of electrodes for the ECM of Sn under 100 mm-thick electrolyte layers containing 17 mM of chloride at bias voltage of 5 V. 53 It is seen that the precipitates with a height of 162 mm are formed aer 3000 s between the anode and cathode when the electrolyte layer thickness is 100 mm. Accordingly, the precipitates can act as a wall-like barrier impeding the transport of ions due to the fact that the height of the accumulated precipitates is more than the thickness of the electrolyte layer.
Dendrites growth
The dendrites growth in ECM is essentially a kind of electrodeposition under non-uniform electric eld. In acidic and weak alkaline environment, the dendrite growth of Sn and Sn solder alloys can be in general attributed to the reduction of metal ions as described in reactions (4), (13) , and (14) . However, in a strong alkaline environment, the reduction of some complex ions should also be taken into consideration. E.g., [Sn(OH) 6 ] 2À can be easily formed through reaction (21 As soon as the dendrite reaches the anode, the short circuit occurs and causes the failure of electronics. The morphologies of dendrites of Sn and Sn solder alloys vary from needle-like, tree-like and powder-like, which strongly depend on the path of current ow and the concentrations of species involved in the electrolytic process. 107, 108 It is interesting that Dominkovics and Harsányi 56, 57 reported that a fractal description of the morphology could be used to analyze the dendrites growth of Sn and Sn solder alloys. Most importantly, the fractal dimensions of dendrites formed during ECM could be used in failure analysis in "rst and fast" identication of critical metallic elements without the application of chemical micro-analytical methods.
Effect of alloy elements

Pb
With a melting temperature of 183 C, the eutectic Sn-Pb solder alloys allow soldering conditions that are compatible with most substrate materials and devices. 123, 124 As one of the primary components of eutectic solders, Pb provides many technical advantages such as (i) reduces the surface tension of pure tin,
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(ii) prevents the transformation of white tin to gray tin, 126 and (iii) serves as a solvent metal.
124 Therefore, Sn-Pb solder alloys were widely used in electronics industry. Although the restriction of hazardous substances (RoHS) effectively bans the use of Pb in electrical products, there is still exemption for some special Sn-Pb solders such as high-Pb solders (contain 85% by weight or more Pb) which are broadly used in automotive, space, oil and gas, and avionics industries. 127, 128 So the ECM of Sn-Pb solder alloys still deserves further study.
The ECM behaviors of Sn-Pb alloys with different Pb contents are strongly related to the migration environment. According to the literature, three main environments were used including pure water or distilled water, 78,81 chloride-containing solution [60] [61] [62] [63] [64] 67, 68 and sulfate-containing containing solution. [61] [62] [63] 67 It can be summarized that the time-to-failure which is proportional to the ECM resistance of Sn-Pb solder alloys decreases with increasing Pb content in a pure water or chloride-containing solution, whereas it increases with increasing Pb content in sulfate-containing solution. A few examples are given below.
Yu et al. 71 compared the ECM behaviors between Sn-37Pb solder alloy and Sn-36Pb-2Ag solder alloy in distilled water. They concluded that the main migration element was Pb. Takemoto et al. 76 reported that in pure water pure Pb showed the highest susceptibility of ECM, thereby the addition of Pb increased the susceptibility, and Sn had the lowest susceptibility compared to that of Pb and Sn-40Pb solder alloy. Lee et al. 82 investigated the ECM characteristic of Sn-Pb solder alloys with varying DC bias voltages under 85 C and 85% RH condition. They found that Pb was more susceptible to ECM failure than Sn in the eutectic Sn-Pb solder alloys. The ECM phenomenon of Sn-Pb solder alloys containing different Pb contents in chloride-containing solution is similar to that in pure water. Lee et al.
60,63,64 studied time-to-failure of the pure Sn, Pb and Sn-Pb solder alloys in 0.001 wt% NaCl solution using water drop test. The representative results were shown in Fig. 7 . 60 It was found that the time-to-failure increased with decreasing Pb content, and pure Pb showed the shortest time-to-failure. This was ascribed to that a passive layer on Sn surface could be formed in NaCl solution, but not for Pb. Yoo et al. 62, 67 also found that the time-to-failure of Sn-Pb solder alloys decreased with increasing Pb content in chloridecontaining solution.
Lee et al. and Yoo et al. [60] [61] [62] 67 performed respectively a series of ECM experiments of Pb, Sn and Sn-Pb solder alloys in sulfate-containing solution. They found that the time-to-failure increased with increasing Pb content, indicating that the addition of Pb increased the ECM resistance of Sn-Pb solder alloys in sulfate-containing solution. This is a reverse phenomenon in contrast to that in chloride-containing solution and pure water. It was believed that Pb was protected from corrosion attack in sulfate by forming an insoluble layer of PbSO 4 or PbO. 63 The extremely low solubility of PbSO 4 (see Table  2 ) and the insoluble property of PbO are favorable for the formation of an insoluble layer on the solder alloys surface.
Ag
Sn-Ag solder alloys have been considered strong candidates to replace the Sn-Pb solder alloys because of two main reasons. On the one hand, their properties are reasonably compatible with those of the Sn-Pb solder alloys, 129, 130 and on the other hand, they have better mechanical properties (ductility, creep resistance and thermal resistance) than the Sn-Pb solder alloys.
131
The eutectic composition for the Sn-Ag binary system occurs at Sn-3.5Ag. The eutectic temperature is 221 C.
The addition of Ag into Sn matrix can form a chemical stable intermetallic compound Ag 3 Sn, in which Ag is difficult to escape during the ECM, resulting in that Ag migration is prevented. Therefore, it is generally considered that the migration characteristics of Sn-Ag solder alloys are still related to the dissolution characteristics of Sn, 27, 65, 71, 132 although that pure Ag is one of the most susceptible metals to ECM. 24 Yoo et al. 27 evaluated the ECM susceptibility of Sn, Sn-3.5Ag and Sn-3Ag-0.5Cu solder alloys in 0.001 wt% Na 2 SO 4 at room temperature. They found that Ag addition increased the time-tofailure of solder alloys and the dendrite was mainly composed of Sn regardless of the solder alloys. It was attributed to that the addition of Ag improved the passivation behavior and pitting corrosion resistance and formed inert intermetallic compounds, thus, the dissolution of Ag was suppressed and only Sn was dissolved. Tanaka et al. 132 also reported that in Sn-3.5Ag solder alloys, Ag combines with Sn to form a stable compound Ag 3 Sn that did not dissolve during ECM, and therefore the migration resistance of Sn-Ag solder alloys was related to the dissolution characteristics of Sn. Yu et al. 71 found that the main element was Pb for the ECM of Sn-37Pb and Sn36Pb-2Ag solder alloys in distilled water. While for Sn-Ag and Sn-Ag-Cu solder alloys, Sn led the migration. Similarly, He et al. 74 also reported that in the ECM of Sn-3Ag-0.5Cu solder alloy, Sn always dominated composition of dendrites and Ag migrated only occasionally. Jung et al. 65 even thought that Ag did not take part in ECM of Sn-3Ag-0.5Cu in NaCl and Na 2 SO 4 , and they believed that Sn was the only element that contributed to ECM of Sn-3Ag-0.5Cu solder alloy. These results demonstrate that the ECM of Sn-Ag solder alloys is still determined by Sn, but not Ag. Additionally, Medgyes et al. 133 found that Sn-0.8Ag-0.7Cu solder alloy had a lower resistance against ECM than Sn-0.3Ag-0.7Cu. This was attributed to that Sn-0.8Ag-0.7Cu solder alloy had a signicantly higher corrosion rate than the Sn-0.3Ag-0.7Cu, since the formed inhomogeneous SnO x was located signicantly deeper in case of Sn-0.8Ag-0.7Cu.
Cu
Sn-Cu solder alloy is also one of the available alternatives of SnPb solder alloy. The Sn-Cu binary alloy has a eutectic composition of Sn-0.7Cu with a melting temperature of 227 C. 114 As the addition of Ag into Sn, the addition of Cu into Sn matrix causes the formation of an intermetallic compound Sn 6 Cu 5 which is also chemical stable. 27 Therefore, the effect of Cu addition on the ECM of Sn solder alloys is very similar to Ag addition.
Yoo et al. 27 reported that Cu could improve the passivation behavior and pitting corrosion resistance of Sn based solder alloys. Most importantly, the dissolution of Cu during the ECM was suppressed because of the formation of the inert intermetallic compounds Sn 6 Cu 5 . He et al. 74 evaluated the ECM behavior of Sn-3Ag-0.5Cu solder alloy under a condition of 88% relative humidity at 65 C. They found that in the dendrites, Sn was dominated and Cu was a minor constituent. Yu et al.
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studied the ECM of a series of Sn-Ag-Cu solder alloys in distilled water using water drop test. They found Sn led the migration and Cu had a small susceptibility due to the formation of intermetallic compounds in alloys. All these studies indicate that Cu addition can improve the ECM resistance of Sn solder alloys to some extent. However, it is worthy to note that pure Cu may take part in the ECM of Sn solder alloys if a Cu substrate is used in the ECM test. This is due to that the poor wettability of solder paste leads to part exposure of Cu substrate at the wetting brim. 
Zn
The Sn-Zn solder alloy also appears to be an attractive alternative for Sn-Pb solder alloys. Sn-9Zn is the eutectic composition for the Sn-Zn system, with a melting temperature of 198 C that is relatively close to eutectic Sn-Pb alloys. 124 A few studies have been conducted on ECM of Sn-Zn solder alloys. However, there are still some inconsistencies among these ref. 72, 132 and 134 regarding the role of Zn in ECM of Sn-Zn alloys.
Yu et al. 72 investigated the ECM of Sn-8Zn-3Bi solder alloy in distilled water using water drop test. They found that it was always Zn to migrate, which means the alloying with Zn in solder alloy has a higher susceptibility to ECM. Hua et al. 134 compared the ECM behavior of Sn-35Bi-1Ag solder alloy with and without Zn doping at 80 C and 85% RH. It was found that
Zn doping reduced the time-to-failure from 240 hours to 100 hours, indicating that Zn addition decreased the ECM resistance of Sn solder alloy. However, Tanaka 132 reported that in the ECM of Sn-9Zn solder alloy, Sn still dominated the migration process, because Zn and Sn formed a passive lm that suppressed the dissolution of Zn. Therefore, a further and systematic work regarding the effect of Zn addition on Sn-Zn solder alloys is needed.
Other elements
Other elements such as Bi, In and Sb could also be added into Sn matrix to form some specic solder alloys. E.g., due to the substantially lower melting temperature and a much lower tendency to scavenge gold, compared to Sn-Pb solder alloys, Sn-In solder alloys have been used for surface mounting technology applications. 124 However, studies on ECM of these solder alloys are very limited. Three examples are given below.
Tanaka 132 found that Sn-58Bi solder alloy revealed sections of segregated Bi surface remaining and selective dissolution of Sn during the migration test. It was therefore assumed that SnBi solder alloy suppressed anodic dissolution more than such materials as Sn alone or Sn-3.5Ag solder alloy. Takemoto et al. 76 investigated the pure In and In-48Sn in distilled water. It was found that pure In and In-48Sn solder alloys were immune to ECM in pure water. Medgyes et al. 55 used the transmission electron microscopy to detect the composition of dendrites which were formed during the ECM of Sn solder alloys with a low level of Ag. Sb was found in the dendrites, indicating that Sb also took part in the ECM of solder alloy process.
Effect of contaminants
Surface contaminants, especially hygroscopic types have a signicant inuence on the overall ECM process. The effects of contaminants on the ECM of Sn and Sn solder alloys have been extensively investigated in various research works where contaminants such as chlorides, sulfates and ux residues are mainly involved.
Chlorides
Many studies about contaminants in ECM of Sn and Sn solder alloys focused on the chlorides since chloride is a common contaminant on device surfaces coming from environment. Chlorides in electronic devices may be originated from human sweat and ngerprints, dust in the air, the ux residues from the manufacturing process, the degradation of package, and even the salt spray from the seas. 77 For the automotive electronics the chlorides is also easily originated from the deicing agents on the roadway. 135 Chlorides have a rather complicated effect on the ECM of Sn and Sn solder alloys, because they signicantly affect every step of ECM of Sn and Sn solder alloys.
Chlorides can accelerate the electrolyte layer formation because of their hygroscopic properties. As already mentioned above, the electrolyte layer formation depends on the critical relative humidity, above which the condensation starts to take place. The critical relative humidity corresponds to the equilibrium relative humidity above the saturated salt solutions.
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The presence of chlorides can apparently decrease the equilibrium relative humidity. For example, Greenspan 136 reported that at 25 C, the equilibrium relative humidity is about 84% for KCl, 75% for NaCl, 33% for MgCl 2 and only 11% for LiCl. Therefore, the electrolyte layer formation with the chlorides on the sample surface will be much more easily than that in the absence of chlorides.
The anodic dissolution of Sn and Sn solder alloys is also signicantly affected by chlorides. On the one hand, the presence of chlorides denitely increases the conductivity of the electrolyte formed by condensation. Thus they increase the overall speed of the ECM process where the anodic dissolution is rst involved. On the other hand, chloride ions are oxidized on the surface of the anode during the ECM and they leave the electrolyte forming Cl 2 gas, 53 but they may also form chlorine oxide and/or chlorous acid destroying the existing oxide lm on the anode surface or inhibiting its formation which prevents the anode to have a passive lm on the surface. 77 Consequently, the anodic dissolution of Sn and Sn solder alloys is speeded.
More precipitates could be formed during the ECM of Sn and Sn solder alloys in the presence chlorides. According to reactions at the electrodes, in the presence of chlorides more amounts of metal ions and hydroxyl ions will be formed than that in the absence of chlorides, because both the anodic and cathodic reaction rates are increased. Therefore, more hydroxide such as Sn(OH 4 ) and/or oxides precipitates such as SnO 2 can be formed during the ion migration. Additionally, chloride ions can also form precipitates with metal ions, for example AgCl, CuCl 2 , etc.
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The increasing amount of precipitates due to the presence of chlorides will not only hinder the ion migration, but also act against the dendrite growth because the fewer metal ions can reach the cathode to be deposited. Minzari et al. 42 studied the ECM of Sn using the water drop test with sodium chloride concentration up to 1000 ppm. They found that the probability of dendrite growth decreased when the chloride concentration was beyond a certain level. Furthermore, no dendrite was observed when the chloride concentration reached to 1000 ppm. Verdingovas et al. 46 reported that the ECM probability of Sn in sodium chloride solution had a peak value and the migration probability tended to decrease with increase in concentration above this peak value. Zhong et al. 52 studied the ECM of Sn under thin electrolyte layers with different chloride concentrations (see Fig. 8 ).
It was found that in low chloride concentration, dendrite coexisted with precipitates. In intermediate chloride . In addition, the chloride ions concentration also affects the degree of uniformity of the electric eld on the surface of electrode. High concentration of chloride ions in general increases the degree of uniformity of the electric eld. Thus, it was found that a continuous process of deposition on the whole surface of cathode replaced the dendritic growth process at high Cl À concentrations.
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Sulfates
Sulfates are also one of the contaminants coming from environment. Like the chlorides, sulfates can also decrease the critical relative humidity and thereby accelerate the electrolyte formation. Moreover, the conductivity of the electrolyte and the initial reaction rate during the ECM of Sn and Sn solder alloys also increase in the presence of sulfates. The effect of sulfates on the ECM of Sn and Sn solder alloys are mainly determined by the passive lm or oxide lm formed on the sample in Na 2 SO 4 containing electrolyte.
61-63,66,67
The presence of sulfates can affect the ability of protective lm formed on Sn and Sn solder alloys. The presence of sulfates can increase stability of surface oxide lm on Sn-Pb solder alloys because of the formation of a protective PbSO 4 and Pb oxides lm. The time-to-failure of Sn-Pb solder alloys increased with increasing Pb content. 67 However, Jung et al. 66 found that the time-to-failure of Sn in NaCl solution was longer than that in Na 2 SO 4 solution. Moreover, the pitting potential of Sn in NaCl solution was also higher than that in Na 2 SO 4 solution. They explained that this was attributed to that passive lm formed on pure Sn during the water drop tests in NaCl solution was more stable than that formed in Na 2 SO 4 solution. A similar phenomenon was also found for Sn-3Ag-0.5Cu solder alloy in Na 2 SO 4 solution where the passive lm is thinner than that formed in NaCl solution. 66 
Flux residues
Flux residues are usually corrosive and favorable for some steps of ECM because they are usually composed of ionic substances 44, 46, [137] [138] [139] [140] [141] [142] [143] [144] [145] [146] and other species. The most common ionic substances in ux residues are weak organic acids, or halogenides such as chlorides. Both of them will not only promote the condensation process due to their hygroscopic property, but also increase the conductivity of a condensed water layer.
One or more of the short-chain weak organic acids such as adipic acid, glutaric acid, succinic acid, malic acid or formic acid are oen contained in the ux residues when a no-clean ux is used. 44 It is well known that a short-chain weak organic acid dissolved into the water can be partially dissociated to ionic species which result in an increase in conductivity of electrolyte layer and a decrease in solution pH. Furthermore, weak organic acids also show hygroscopic properties, although different acids have different hygroscopic properties. 138, 145 It was generally considered that high concentration of weak organic acids can suppress the ECM of Sn and Sn solder alloys. However, small inconsistencies in the explanation of mechanisms still exist. A few examples are given below.
Minzari et al. 42 studied the effect of adipic acid on the ECM of Sn under water drop where the adipic acid concentration was ranged from 1 ppm (by weight) to saturated condition. It was found that the probability of Sn migration decreased with increasing adipic acid concentration. This effect was attributed to two factors. On the one hand, the presence of adipic acid with a signicant amount could act as acidic buffer which was more suitable for precipitation formation rather than dendrite growth. On the other hand, this effect was related to the passivation of anode surface caused by organic compounds, so that anodic dissolution was decreased.
Verdingovas et al. 46 investigated the ECM of Sn in ux residues using the water drop test. The ux residues came from the no-clean organic acid based wave solder ux where adipic was used as activator and synthetic resin was used as the lm former. They found that there was a peak value of ECM probability at a critical concentration of ux residues (at 92 mg cm À2 ) and the probability of migration was reduced at both below and above this critical concentration. It was considered that at low concentration the behavior was assumed to be due to the low dissolution of metal ions, while at high concentration the effect was due to over production of metal ions thereby precipitation of tin hydroxide dominated. Ambat et al. 44 studied the effect of ux residue formed at room temperature and at 235 C using water drop test. The main organic acid in this ux residue was also adipic acid. They found that among the samples with the ux residue formed under both conditions, only one of them showed the migration, while others did not although strong electrochemical reactions such as gas evolution was evident at the electrode at least initially. It was attributed to that acid component might be acting as an anodic inhibitor reducing the metal dissolution and thereby the dendrite growth was stopped. Zhan et al. 84 compared the ECM behaviors of Sn-37Pb with rosin-based ux and with aqueous-based ux. It was found that residues of rosin-based ux contained about 50 wt% higher concentration of weak organic acids than aqueous-based ux aer reow. This led to higher activity and promoted moisture adsorption, further reducing the time-to-failure due to the reduction of surface insulation resistance.
Tanaka et al. 144 investigated the effect of ux residue on the ECM of Pb-free solder alloys including Sn-3.5Ag, Sn-9Zn, Sn5Bi, Sn-0.8Cu and Sn-37Pb solder alloys. The samples were rst solder-plated, then coated with ux, and nally heat-treated using reow processing conditions. The ux consisted of 10 wt% rosin and 0.01 wt% activator (halogen and organic acids, the exact concentration was unknown). It was found that the presence of ux residue suppressed anodic dissolution and effectively prevented the occurrence of migration. However, with Sn-9Zn, the ux components such as halogen and organic acids could react with Zn and form a new compound layer between ux and substrate. This compound layer decreased the adhesion between ux lm and substrate, subsequently, speeded the migration.
The effect of chlorides in ux residues on ECM of Sn and Sn solder alloys can be seen in chlorides section. In addition, a resin component is oen contained in the ux residues. This component can easily attract dust during operation, which will eventually make surfaces hydrophilic and thus become a potential source for ions. 137 
Other contaminants
Other contaminants such as bromide ion, 42 A tendency of ECM in bromide is similar to the chloride, where higher concentration of bromide reduces the dendrite formation probability. 42 The component and amount of dust depend on where the dust was collected. Different ECM behaviors may be present when the dust is collected from different environments. For example, Minzari et al. 42 compared the effects on ECM of Sn which was exposed in a mild dust and an aggressive dust for two months, respectively. The mild dust was collected indoor in household and the aggressive dust was collected in a pig farm. It was found that only the presence of mild dust at low levels resulted in ECM. Zou et al. 147 studied the ECM of Sn-37Pb solder alloy in trace amount (1 ppm) of H 2 S condition at 20 C and 40% RH.
It was found that ECM occurred and the trace amount of H 2 S reacted easily with Pb to form PbS.
Effect of electric field
Once a bias voltage is applied across two oppositely electrodes, an electric eld is generated between the two electrodes. The magnitude of electric eld is a function of the bias voltage applied across the electrodes and the distance between the two electrodes, as described in eqn (23),
where E is the magnitude of electric eld, V is the bias voltage and d is the spacing between the two electrodes. As indicated in eqn (3), 102 the higher the magnitude of electric eld is applied, the faster the ion migration is. However, for the overall ECM process, it cannot be so simply considered like this, because the bias voltage and the spacing may specically affect some subprocesses which may determine the ECM behaviors. E.g., a critical bias voltage must be reached for the ECM to occur, 148 otherwise, no ECM phenomenon can be seen even if the electric eld strength is extremely high. The longer time-to-failure can be obtained at a longer spacing even when the electric eld strength is much greater than that at smaller spacing, because a longer time is required for the electrolyte layer formation at longer spacing. 84 Additionally, there are huge differences in ECM behaviors between DC voltage electric eld and pulsed (or AC) voltage electric eld, although the same electric eld strength is employed. Therefore, the effects of bias voltage, the type of bias voltage and spacing on ECM are reviewed separately.
Bias voltage
A bias voltage must be applied across the two electrodes for ECM to occur. The dissolution of metal, ion transport caused by electric eld and the reduction of metal ions are greatly affected by the bias voltage.
It has been suggested that there is a bias voltage range, outside which ECM will not occur. 148 The minimum bias voltage for ECM to occur is determined by the critical potential which is required for dissolution of metal or reduction of metal ions to occur. 110, 111, 149 The upper limit of voltage range exists. Above this voltage the failure mechanism of circuits tends to change from ECM to other failures, such as dielectric breakdown.
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Normally, the higher voltage is in this range, the shorter the time-to-failure is if the spacing between the two electrodes is xed. 3, 64, 69, 71, 148 This is because higher voltage enhances the dissolution of metal at anode and the reduction of metal ions at cathode, at the same time, accelerates migration speed of ions, resulting in rapid dendrite growth. 64 However, some specic points need to be paid attention as well. E.g., at the same spacing higher bias voltage leads to faster reaction rates. In this case, more precipitation such as tin hydroxides which are formed during the migration process will hinder the ion transport and dendrite growth, 53 while heavy gas evolution at the anode and cathode may also inhibit or even destroy the growth of dendrites.
2,46,53 This is why under some conditions, as the bias voltage increases the probability of ECM decreases, or the time-to-failure increases. 48 studied the ECM of Sn under pulsed voltage using water drop test. It was found that varying of pulse width at a xed duty cycle had a minor effect under investigated conditions, whereas increasing duty cycle signi-cantly reduces the time-to-failure due to the dendrite formation and increases the charge transferred between the electrodes over time. Zhong et al. 51, 154 investigated the ECM of Sn under unipolar and bipolar square waves using thin electrolyte layer method. Under the unipolar square wave, it was found that at a xed time period the rate of dendrite growth rate increases with the increasing duty cycle. While for the xed duty cycle, the prolongation of time period was favorable for the precipitates formation and/or dendrites growth. 51 For the bipolar square wave, the switch between the voltage and its reverse voltage results in a periodic switch between cathodic polarization and anodic polarization applied on the same electrode surface, periodic changes in the migration direction of ions and a circulation between dendrite growth and its re-dissolution. 154 
The type of bias voltage
Spacing
Spacing refers to the distance between two oppositely charged electrodes. The spacing mainly affects the time of electrolyte layer formation and the time of ion transport. The longer time is needed for the continuous electrolyte layer formation and ion transport at longer spacing.
84 Therefore, it is generally considered that the time-to-failure decreases with decreasing spacing at the same bias voltage.
Inhibition of ECM of Sn and Sn solder alloys
The inhibition of ECM of Sn and Sn solder alloys is extremely signicant for the improvement of reliability of electronics, however, only a few publications have specically focused on it. 49, 155, 156 According to the ECM mechanisms of Sn and Sn solder alloys and the previous studies regarding the ECM and its inhibition of other materials, 15, [152] [153] [154] [155] [156] [157] [158] [159] [160] [161] the possible strategies to inhibit the ECM of Sn and Sn solder alloys are summarized, including adding alloy elements, inhibitor, and pulsed or AC voltage.
Alloy elements
The addition of alloy elements can effectively decrease the ECM susceptibility of Sn solder alloys. However, it is worthy to note that the inhibition efficiency strongly depends on operating environment. Takemoto et al. 76 reported that In-48Sn and Sn-1.2Al solder alloys were immune to ECM in pure water. Thus these alloys are candidates for ECM resistant solder alloys for practical use. Yu et al. 71 compared the time-to-failure between Pb-free solder alloys (Sn-Ag and Sn-Ag-Cu) and Pb bearing solder alloys (Sn-37Pb and Sn-36Pb-2Ag) in distilled water. It was found that Pb bearing solder alloys have smaller time-tofailure than Pb-free solder alloy, indicating that Pb-free solder alloys exhibit lower ECM susceptibility in distilled water. Yoo et al. 62 compared the time-to-failure of pure Sn, Sn-37Pb and Sn-55Pb solder alloys in 0.001 wt% Na 2 SO 4 solution using water drop. They found that the time-to-failure increased with increasing Pb content. Therefore, it can be considered that the addition of Pb into solders could improve the ECM resistance of Sn based solder alloys in the Na 2 SO 4 solution. As mentioned above, sulfate-containing environment is favorable for a protective lm formation on the Sn-Pb solder alloys. This protective lm can hinder the dissolution of Sn solder alloys and thereby inhibit the ECM development of Sn-Pb solder alloys.
Inhibitor
Inhibitor is another effective way to improve the ECM resistance of Sn and Sn solder alloys. Liao et al. found that citrate ions, 49 cetyltrimethylammonium bromide (CTAB) 155 and Na 2 S 156 can effectively inhibit the ECM of tin. Citrate ions could be used to inhibit ECM of Sn in thin electrolyte layer containing Cl À under a certain voltage range. On the one hand, the formation of tincitrate complex species (negatively charged) prevented the migration of tin ions from anode to cathode. On the other hand, the presence of citrate greatly improved the passive ability of Sn in Cl À -containing solution. According to results of the measurements for the exact potential applied on electrode, the potential applied on anode is located in the passive region (see Fig. 9 ), thereby decreasing the anodic dissolution. 49 Consequently, the ECM of Sn was effectively inhibited in a certain bias voltage range. The CTA + in CTAB is mainly responsible for the inhibition of ECM through the selective adsorption on the Sn surface. 155 The inhibition mechanism of Na 2 S on ECM of Sn is mainly attributed to the precipitates formation between the anode and cathode. These precipitates acted as a wall-like barrier to hinder the ions transport, which slows ECM rate or even stop ECM of tin. 156 Ambat et al. 44 reported that the organic acids in the ux residue can some time act as inhibitors to reduce the migration of Sn, however the exact effect depended on combination of factors such as amount, morphology, and presence of other ions such as chlorides. Therefore, according to the analysis of the formation of precipitates in precipitates section, it can also be expected that if chemicals can cause Sn or alloy elements to form precipitates between anode and cathode or at the electrode surface, they can be used to inhibit the ECM of Sn and Sn solder alloys.
Pulsed or AC voltage
Investigations have indicated that a pulsed voltage can suppress the dendrite growth of Sn under some conditions. 48,51 Verdingovas et al. 48 found that there was a suppression effect of decreasing duty cycle on dendrite formation of Sn as it reduced the rate of the dendrite formation. Zhong et al. 51 reported that no dendrite growth of Sn could be seen when the duty cycle was equal to 0.1 at the periods from 10 ms to 1000 ms. These results indicate that ECM of Sn solders can be inhibited by adjusting the parameters of voltage. Similarly, it is also known that pulsed voltage can effectively suppress the Li dendrites growth in Limetal batteries.
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It is also reported that AC voltage can suppress the ECM development. Chaikin et al. 151 demonstrated that, when an alternating 60 Hz voltage was applied between the circuits, far less ECM of Ag was produced, and no ECM of Ag could be detected at higher frequencies. Therefore, the AC could also be expected to inhibit the ECM of Sn and Sn solder alloys. Zhong et al. 154 also found that the dendrite growth of Sn under bipolar square wave voltage (like AC voltage) was strongly dependent upon the semi-cycle of bipolar square wave voltage. The dendrite growth will not appear if the semicycle is shorter than a critical value.
Accordingly, both pulsed voltage and AC voltage should be the effective candidates to inhibit the ECM of Sn and Sn solder alloys. Especially for some devices where a pulsed or AC voltage signal is needed, the ECM of Sn and Sn solder alloys can probably be inhibited, or even avoided in some conditions. 
Conclusions
In this review, the fundamentals of ECM are rst summarized, and then, the development in ECM studies of Sn and Sn solder alloys are reviewed. The main conclusions are drawn as follows:
ECM process can be considered as a consecutive four-step process: (i) electrolyte layer formation, (ii) dissolution of metal, (iii) ion transport and (iv) deposition of metal ions. The electrolyte layer formation is the precondition of ECM to occur, which depends upon the relative humidity, contaminants, temperature, and surface conditions of materials in electronics. The dissolution of metal supplies the metal ions for the subsequent steps. It is therefore considered that its dissolution rate determines the whole ECM process. Ion transport is affected by electrical migration, diffusion and/or convection. The deposition of metal ions generates the dendrites which can short the circuit, ultimately causing the failure of electronics.
Many chemical/electrochemical reactions are involved in during the ECM of Sn and Sn solder alloys. The precipitate formation cannot only consume the metal ions, but may also hinder the migration of ions. Consequently, the rate or the probability of dendrites growth is suppressed. The dendrites growth may either derive from the reduction of metal ions, or derive from complex ions, depending on the migration environment.
The alloy elements can either reduce the ECM resistance of Sn solder alloys, or promote the ECM. This is dependent upon the alloy element and the migration environment such as the contaminants.
The effect of contaminants on ECM of Sn and Sn solder alloys are rather complicated. Normally, ionic contaminants can accelerate the electrolyte layer formation due to their hygroscopic nature and also increase the conductivity of electrolyte. The mechanism of ECM in contaminant containing electrolyte is contaminant-type and concentration dependent.
There is a bias voltage range, outside which ECM will not occur. Normally, the higher voltage is in this range, the shorter the time-to-failure is if the spacing between the two electrodes is xed. However, the precipitates formation and the gas evolution at anode and cathode may cause different ECM behaviors. Pulsed and AC voltage can suppress the ECM under some conditions. Alloy elements, inhibitor and pulsed voltage or AC voltage are the candidates to be employed to inhibit the ECM of Sn and Sn solder alloys to some extent. However, further investigation is needed.
